Mutants deficient in branching-enzyme activity (gZgB) were isolated and classified into four groups. They accumulated different amounts of a linear polysaccharide similar to arnylose. The polysaccharides were extracted and purified. Some of their properties were similar, but gel filtration on Agarose fractionated them into three peaks whose size seemed to be related to a-amylase activity. Electron microscopy showed that amylose formed inclusions of varying density and small separated granules; the proportions of these types of aggregates varied from one mutant to another. Amylase deficiency and the g1gC mutation (altered ADP-glucose pyrophosphorylase) are important factors in amylose accumulation and aggregation. Downloaded from www.microbiologyresearch.org by IP: 54.70.40.11 On: Thu, 27 Dec 2018 03:19:17
INTRODUCTION
In previous papers (Damotte, CattanCo, Sigal & Puig, 1968 ; CattanCo et al. 1968 ; Creuzet-Sigal, Latil-Damotte, Cattaneo & Puig, 1972 ) various mutants of Escherichia coli K12 (altered in their ability to synthesize glycogen) were reported and characterized : gZgA mutants (glycogen synthetase-less), gZgB mutants (branching enzyme-less) and glgC mutants. The glgC mutants accumulate up to 48 % of their dry weight in glycogen during the stationary phase of growth. They have an altered ADP-glucose pyrophosphorylase that is' much less sensitive to its inhibitors, so the synthesis of glycogen is derepressed in the log phase of growth. The gZgB mutants synthesize a linear polysaccharide similar to amylose. Although most of them have normal or sufficient levels of ADP-glucose pyrophosphorylase and polyglucoside synthetase, they synthesize smaller amounts of polysaccharide than the parent strain. The lack of branching enzyme activity might explain the slow rate of synthesis but the low amount of polysaccharide could also be the result of the presence of degradative enzymes (such as a-amylase) which would be more active on linear substrates than on branched polysaccharides. This hypothesis seemed to be supported by the isolation of one mutant (3064) of dark-blue phenotype derived from a strain having a very low amylolytic activity. This mutant is able to accumulate up to 20 % of its dry weight in amylose but it is affected not only in branching enzyme activity but also in ADP-glucose pyrophosphorylase by a mutation similar to that of glgC mutants. This paper describes several other gZgB mutants that were studied to elucidate why most of the gZgB mutants do not accumulate glucan well, and to determine the influence of the level of amylolytic activity and the glgC mutation in amylose synthesis. Electron microscopy (Thomas & CattanCo, 1971 ) has shown that cells of the dark-blue mutant (3064) contain a single big inclusion of amylose, but in another blue mutant that synthesizes only 5 % (dry wt) of polysaccharide the amylose is heterogeneous Branching enzyme-dejicien t mu tan ts The strains on which a second treatment by NTG was done are given in parentheses.
Polysaccharides were subjected to gel-filtration chromatography on a column of Agarose (Bio-Gel A-5 M 200-400 mesh) using 20 or 50 % (v/v) DMSO in I mwtris pH 7.0.
Electron microscopy. Bacteria were harvested during the stationary phase of growth.
They were fixed 2 h in 2 . 5 % glutaraldehyde in 0.025 M-cacodylate-HC1 buffer pH 6; then they were washed in the pH 6 buffer of Ryter & Kellenberger (1958) and postfixed in I % OsO, in the same buffer. They were embedded in Araldite. Sections were treated according to ThiCry (1967) to locate polysaccharide by deposition of silver. Materials. a-Amylase from hog pancreas type I-A and oyster glycogen and P-amylase from sweet potato type I-B were from Sigma, Bio-Gel A-5 M was obtained from Bio-Rad, and deoxyribonuclease was from Koch-Light.
RESULTS

Isolation of mutants
Since amylase-less mutants have so far not been obtained, NTG mutations were induced in strains with normal or low amylolytic activity. One strain of each type carried the glgC mutation. The following were used: mutants obtained from wild-type strain with low a-amylase activity (3064, ~1 9 7 , ~1 9 1 , ~1 9 4 , ~1 5 1 ) ; mutants obtained from glgC mutants with low a-amylase activity (~2 0 0 , GI#); mutants from gZgC mutants with normal a-amylase activity (~1 3 1 , GI 34); and mutants from wild-type strains with normal a-amylase activity (GI2, ~1 2 8 ) .
The characteristics of these mutants are reported in Table I 23'4 20-3 I 6.7 6-9 12.4 7'9 7'9 6.5 Table 2 shows that the glgB mutants accumulate different amounts of polyglucoside (5 to 20 % of their dry weight). Since these variations in the amount of stored polysaccharide might depend on the levels of the enzymes involved in synthesis and degradation of polysaccharide, these activities were measured and compared with those of parent strains.
Accumulation of polysaccharides and enzymic studies
A DP-glucose pyrophosphorylase. The specific activities of this enzyme are similar to those of the parent strains ( Table 2) but some of the mutants possess a structurally-altered ADPglucose pyrophosphorylase which is not inhibited by 5'-AMP or which is less sensitive to Branching enzyme-deficien t mu tan ts 283 t, $ Refer to the twin peaks found in place of the first peak.
65%
Pi inhibition (strain ~2 0 0 ; J. Cattanko, unpublished results) than wild-type enzyme. These strains synthesize polysaccharide even during the log phase of growth. The mutants 131, 134,144 and 200 (all glgBC) were obtained from glgC mutants by a second NTG treatment, but strains 3064 and 197 (also glgBC) were induced by a single NTG treatment. It was therefore of interest to see if the latter two strains were double mutants.
Separation of mutations glgB and glgC. A transduction was done with the phage PIKC grown on the mutant ~1 9 7 using strain 530 as recipient: Branching enzyme-deficien t rn u tan ts Transductants asd+ were selected, isolated and scored for iodine coloration. Among 150 asd+ transductants a colony staining dark brown was found; it had branching enzyme activity (co-transduction of glgB gene with asd gene) and its ADP-glucose pyrophosphorylase was insensitive to AMP (strain 230 asd+ glgB+ glgC-). Mutations glgB and glgC of strain G I 9 7 are two distinct mutations.
Polyglucoside synthetase. The specific activities of this enzyme in log phase of growth were not very different from those of the parent strains ( Table 2) . However, for a few strains and especially for mutant GI 2 a lower activity was found. This fact was reported earlier (Creuzet-Sigal et al. 1972) and attributed to a peculiar lability of the enzyme during extraction. The addition of glycogen before cell extraction increased the activity. Determinations of polyglucoside synthetase activities of glgB mutants (from log or stationary phase) were made on uncentrifuged extracts because a part of the synthetase sediments at a very low speed with the polysaccharide. The specific activity of the polyglucoside synthetase of mutants 3064 and 197 decreased to very weak values during the stationary phase of growth.
Branching enzyme. The determination of branching enzyme activity by following the decrease of absorption of the amylose-iodine complex is not specific and amylolytic activity interferes in the assay. Therefore the method described above was used. Amylase did not interfere because the anions that activate it were absent. Table 2 shows that at 510 nm extinction decreased by 0.100 to 0.200 with extracts of parent strains but no decrease was detected in 2 h with glgB mutants. a-Amylase. An intracellular a-amylase purified and characterized by Chambost et al. (1967) is present in Escherichia coli K I~ but in some strains its activity is very low. a-Amylase activity of the g1gB mutants was determined in extracts from stationary-phase cells using commercial amylose as substrate ( Table 2) .
Characterization of polysaccharides
Polysaccharides of mutants were extracted from stationary-phase bacteria and purified as described in Methods. They were insoluble in water but soluble in 0.1 N-NaOH or Fig. 2. Electron micrographs of strain 3064 (a, b, c, d) and strain 197 (e,f, g, h) . Branching enzy me-deficien t mu tan ts 287 strain 14 (a, b, c, d) and strain 200 ( e , f , g Single arrow points to vesicular membrane invaginations that seems to be in contact with amylose.
In the rare cell (e), a central, dense-inclusion separates a region with concentrated polysaccharide grains from a region with separated grains. The three cellular poles (f) have granular polysaccharides, or a less-dense inclusion, or a dense inclusion. The three cells ( Table 3 show that ,8-amylolysis was similar for all the polysaccharides (84.5 to 90.5 %) as was the A-. of the iodine complex (570 to 590 nm). This value corresponds to a degree of polymerization of 61 glucose units (Bailey & Whelan, 1961) . However, the polysaccharides did not all sediment at the same speed of centrifugation (Table 3 ) and were insoluble in water. This suggests a much higher number of glucose units than 61. To see whether these polysaccharides were heterogeneous, gelfiltration chromatography was done on Agarose with I mwtris (pH 7.0) containing 20 or 50 % (v/v) DMSO.
Figure I shows that the polysaccharides separated into three peaks whose relative magnitudes differed with the strains. For the polysaccharides of mutant G200 (low a-amylase activity) the first peak was high and the second and third were low ; for the polysaccharides of mutants ~1 3 4 and ~1 2 8 (with normal a-amylase activity) the second and third peaks were higher than the first. For the polysaccharides of strain ~1 9 1 all three peaks were of similar size.
The percentage of degradation by P-amylase was highest for the fractions of the third peak ( Table 4 ). Using tris (I mM; pH 7)-DMSO (I : I, v/v) in 0.1 M-NaCI as solvent, polysaccharides of mutant 14 which, like strain ~200, has low a-amylase activity, gave a smaller first peak, no second peak and a larger third peak. Gel-filtration showed they constituted at least three populations of similar structure but differing in their aggregate size.
The polysaccharides may consist of aggregates of small molecules. This hypothesis is supported by the well-known tendency of amyloses to aggregate by hydrogen bonds (corresponding to retrogradation) and by the action of salts on the largest aggregates. p-Amylolysis decreased as the molecules increased in size; this could be explained by the insolubility of substrates which become inaccessible to the enzymes. However, the existence . of some a-1~6 linkages, as has been shown in corn amylose (Oka, Shigeta & Sato, 1971 )~ cannot be eliminated.
Polysaccharides of the glgB mutants were assayed as substrates for a-amylase purified as described by Chambost et al. (1967) . Table 5 shows that the polysaccharides of strains ~1 4 4 and GI34 were, respectively, 20 and 15 times more active than glycogen.
Intracellular amylose by electron microscopy
The amylose of all the mutant strains appeared heterogeneous. Sometimes, heterogeneity was seen within single cells. There were large dense inclusions (0.5 to 1.5 pm) which predominated in strain 3064, large less-dense inclusions (sometimes reticulated), and small (20 to 150nm) separated grains. The proportions of the different amylose types and the total amount of amylose varied between strains. The proportions given in Table 6 are approximate because there were intermediate forms of the different types. The proportions do not correspond to the weights of each sort of amylose because of variation in size and density. At least roo amylose-bearing sections, of any orientation and size (excluding tangential sections), were analysed , for each strain. Electron micrographs of strain 151 (a, b, c, d, e), strain 194 u, g ) , and strain 191 (h, i) . Five (c, d, e ) that seems to be composed of closely-packed grains. Ninety per cent of strains 194 and 191 contain only grains separated or packed together and 10 % contain a large inclusion that is generally dense (g, h, i) or less dense ( f).
per cent of the cells have one dense or less-dense inclusion, without small, separated grains (a). In (b), one cell contains a dense inclusion and two cells contain separated grains. Ninety per cent of the cells have separated small grains and one polar, less-dense inclusion
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Branching enzyme-deficient mutants 291 The glgBC amylase-strain 3064 (Fig. 2 a, b, c, d ) has a remarkably homogeneous amylose : of the sections containing amylose, 90 % possess a single, large, dense inclusion, 10 % a single, large, less-dense inclusion, and less than I % have many separate grains that make the cell look like a gZgC bacterium that has abundant glycogen (Thomas & CattanCo, 1971) .
The gZgBC amylase-strain 197 was not very different from the 3064 strain, but its amylose was more heterogeneous since 47 % of the bacterial sections had a single, dense inclusion, 47 % possessed one less-dense inclusion and 5 % had small, separated grains (Fig. 2 e,f, g , h) .
In the gZgBC amylase-strains 144 and 200, the small, separated grains were also rare (5 % of the sections), but there were far more less-dense and reticulate large inclusions (85 and 75 % of the sections) than dense inclusions (10 and 20 % of amylose containing sections)
In the gZgB strain 151 that had low amylase activity, 90 % of the cells contained one lessdense inclusion that seemed to be made of small grains and was accompanied by other separated small grains, 5 % contained only separated grains, and 5 % contained one single dense inclusion (Fig. 4a, b, c, d, e ). On the other hand, in the gZgB strains 194 and 191 that were only slightly amylase deficient, 90 % of the cells contained only small, separated grains and 10 % contained large dense or less-dense inclusions ( Fig. 4 5 g , h, i) .
In the gZgBC strains I 3 I , I 34 and I 38 that had normal amylase activity and little amylose, the amylose was irregularly distributed among the cells: 90 to 95 % of the cells contained separated amylose grains (a few grains generally) and 5 to 10 % contained moderate-sized inclusions (Fig. 5a, b, c, d, e) . Lastly, in the gZgB strains 128,499 and 12 with normal amylase activity, the amylose had the same distribution, but it was still less abundant and the inclusions (in 5 to 10 % of the cells) were small ( Fig. 5f, g, h) .
In all the mutants, less-dense inclusions were often accompanied by separated grains whereas this was rare with dense inclusions. Table 6 compares the summarized results of electron microscopy with amylase activity, total polysaccharide content and the percentage of polysaccharide that sediments at I 500 g. The percentage of polysaccharide sedimented at 1500 g correlates with the percentage of dense or less-dense (d + s) inclusions.
( Fig. 3) - DISCUSSION Mutants deficient in branching enzyme activity (gZgB) accumulate amylose less than their respective parent strains synthesize glycogen, although they have normal levels of ADPglucose pyrophosphorylase, polyglucoside synthetase and amylase and differ from their parent only by the absence of branching enzyme. This is a confirmation that branching enzyme facilitates polysaccharide synthesis by providing new non-reducing ends as glucosyl acceptors; this has been shown for synthesis de novo of glycogen by rabbit phosphorylase (Brown & Brown, 1966 ) and for glycogen synthesis by polyglucoside synthetase (Walker & Builder, 1971; Fox et al. 1973) . 134 (a, b, e), strain 131 (c), strain 138 (d) , strain 128 cf) and strain 499 (g, h). In strains I 34, I 3 I and I 38, go to 95 % of the cells contain only granular, separated amylose, the amounts varying widely from cell to cell (a). The other 5 to 10 % contain moderatesized inclusions, less dense in the 134 strain (a, b) . The cell of strain 131 (c) is very rich in granular, separated amylose. The cell of strain 138 (d) contains one moderate-sized dense inclusion, and no grains. The cell of strain 134 (e) possesses two small mesosomes on which polysaccharide grains seem to be fixed. The strains with little amylose, 128 (f) and 499 (g and h) , have separated granules in go to 95 % of the cells, but sometimes make small inclusions (h). The glgB mutants have been classified according to their genotypes and the amount of polysaccharide they synthesize ( Table 6 ). In these mutants, the amount of mylose, its intracellular appearance by electron microscopy and its aggregation state in tris-DMSO depend on the amylase level and on the gZgC mutation.
Fig. 5. Electron micrographs of strain
Mutants of group II (with low a-amylase activity) synthesize more amylose than mutants of group IV (with high levels of amylolytic activity); in the latter mutants the amylose is dispersed and forms only small inclusions in 5 to 10 % of cells, and the first peak obtained by molecular sieve filtration (Fig. I) is small. The amylose-decreasing and -dispersing action of a-amylase is far more evident when the gZgC mutation is present (comparison of mutants I and III (Table 6 ) and of strains 134 and 200 (Fig. I)) .
Comparison of gZgBC mutants (group 111) with gZgB mutants (group TV) shows that the glgC gene is responsible for the greater amount of amylose synthesized, but has no noticeable influence on the aggregation either in situ or in the tris-DMSO filtration (strain I34 compared with 128). Comparison of group I mutants (gZgBC) with mutant 151 (gZgB) shows that when a-amylase activity is low the gZgC mutation strongly decreases the dispersed granular appearance of amylose in situ. It seems that when amylose synthesis is fast a low a-amylase activity doep not have enough time to cut off diffusible primer chains, and that beyond a certain aggregate size of amylose the amylase becomes inefficient because it cannot attack insoluble substrates very well.
The size heterogeneity among amyloses of each strain is surprising but this kind of variability can be explained if we consider that there are two antagonistic self-accentuating tendencies: the aggregation of amylose is favoured by its insolubility, by the adsorption of synthetase on amylose and by the inefficiency of amylase towards an insoluble substrate; on the other hand, amylase easily attacks dispersed amylose and in doing so it liberates new primers that contribute to the dispersion of amylose.
Among the mutants of group I accumulating large amounts of amylose, the specific activity of polyglucoside synthetase decreases during stationary phase only in strains 197 and 3064 which are rich in very dense inclusions of amylose. The synthetase seems to be inactivated or entrapped in the amylose since it does not decrease in strains 144 and 200, the inclusions of which are reticulated.
It is surprising that strain 151, which has less amylase than strain 191, accumulates less amylose, but its amylose inclusions are perhaps more accessible to amylase than those of strain 191.
In conclusion we find that amylase deficiency and the possession of gZgC mutation are important factors for the accumulation of large amounts of amylose and for the aggregation of this amylose. However, more information is needed about concentration of synthetase and primers in the sites of synthesis, and about the efficiency of catabolic enzymes on native polysaccharides.
